A new theory of quasars is presented in which the matter of the thin accretion disk around the black hole is supplied by stars that crash on the disk. Stars in the central part of the host galaxy are randomly perturbed to highly radial orbits, and as they repeatedly cross the disk they lose orbital energy due to the drag force, eventually merging into the disk. Requiring the rate of stellar mass capture to equal the mass accretion rate into the black hole, a relation between the black hole mass and the stellar velocity dispersion is predicted of the form M BH ∝ σ 30/7 * . The normalization depends on various uncertain parameters such as the disk viscosity, but is consistent with observation for reasonable assumptions. We show that a seed central black hole in a newly formed stellar system can grow to this predicted mass by stellar captures on the accretion disk. Once this mass is reached, star captures can no longer maintain the disk at a high enough surface density and the quasar naturally turns off. The model provides a mechanism to deliver mass to the accretion disk at small radius, probably solving the problem of gravitational instability to star formation in the disk at large radii. The theory has the problem that the average angular momentum of the captured stars is negligible, preventing them from forming a disk by themselves. We suggest that a quasar wind and the star tails lifted from the disk mix matter at small radius with matter deposited at large radius by evolved stars in a rotating stellar system, absorbing its angular momentum. These same star tails may account for the broad emission line region. We propose several observational tests and consequences of this theory.
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Introduction
The basic model for how quasars are able to emit their prodigious radiative luminosities from a very small region of space has been in place for a long time (Lynden-Bell 1969) : a massive black hole in the center of a galaxy accretes from a thin gaseous disk, converting ∼ 10% of the rest-mass of the gas into the radiation that is emitted. The gas in the disk is heated by viscous processes as it accretes, providing energy for radiating the continuum optical-ultraviolet emission from the hot, optically thick surface of the disk (Shakura & Sunyaev 1973; Pringle 1981) .
Black holes have now been detected in the centers of many galaxies and found to correlate strongly with the presence of a spheroidal stellar component, either the bulge of a spiral galaxy or an elliptical galaxy (e.g., Richstone et al. 1998 , Magorrian et al. 1998 . The mean mass density in the universe of nuclear black holes (i.e., black holes found in galactic nuclei and presumed to be responsible for galactic nuclear activity such as the quasar phenomenon), ρ BH , should be related to the integrated emission from all active galactic nuclei over the past history of the universe: ǫρ BH c 2 = e(z) (1+z) dz, where e(z) dz is the present energy density in radiation coming from AGN at redshift z, and ǫ is the mean radiative efficiency of accretion (Soltan 1982) . This relation is consistent with present observations with ǫ ≃ 0.1 (e.g., Barger et al. 2001; Aller & Richstone 2002; Yu & Tremaine 2002; Haehnelt 2003) , implying that accretion of gas from thin disks likely played the dominant role in the growth of nuclear black holes. In addition, observations have shown that the black hole mass, M BH , is related to the stellar velocity dispersion, σ * , as M BH ∝ σ a * , where a is in the range 3.8 to 4.8 (Gebhardt et al. 2000; Merritt & Ferrarese 2000 , 2001 Tremaine et al. 2002) . This relation suggests that there is some connection between the fueling of the black hole that determines its final mass and the stellar system that surrounds it.
The formation and growth of nuclear black holes from an accretion disk poses a number of outstanding problems: how is the large amount of mass that must be fed to the black hole funneled from the typical sizes of galaxy spheroids (∼ 1 kpc) into the tiny region in the center of a galaxy where the mass is dominated by the central black hole (∼ 1 pc), and into the inner accretion disk where most of the energy of active galactic nuclei is radiated (∼ 10 −2 to 10 −5 pc) ? Why does all this gas not turn into stars well before coming close to the central accretion disk, as it normally does in galactic gaseous disks and in galaxies with an irregular distribution of gas? Once the gas is in the accretion disk, what happens when the disk becomes self-gravitating in its outer parts (e.g., Shlosman, & Begelman 1987; Goodman & Tan 2003) , and hence unstable to form stars? Why is the black hole mass tightly related to the velocity dispersion of the stellar system around it, when the physical scales of these components are so vastly different?
Another possibility for the growth of black holes is by the direct capture of stars whose orbits are randomly perturbed into high eccentricity by two-body relaxation from stars or star clusters, triaxiality of the spheroidal potential, or time-dependent dynamical perturbations. Zhao, Haehnelt, & Rees (2002) found that this mechanism leads to a relation M BH ≃ 10 8 M ⊙ (σ/200 km s −1 ) 5 (t 0 /14 Gyr), where t 0 is the total time during which stars can be captured by the black hole. This is valid if one makes the approximation of a full loss-cylinder 1 , i.e., assuming that the orbits that come close enough to the black hole for the stars to be captured are replenished by some relaxation process. This relation is in good agreement with the observations (see also Merritt & Poon 2003) . However, the model has the problem that the black holes would not grow by gas accretion, so the similarity of the black hole mass density and the energy density from quasars at present is not accounted for. In addition, black holes would grow over a long timescale and they would not have had time to grow at the high redshifts at which quasars are observed. Moreover, the relation M BH ∝ σ 5 * holds only for black hole masses M BH 10 8 M ⊙ , which can swallow normal stars whole without tidally disrupting them, as discussed by Zhao et al. (2002) .
We propose a different idea in this paper. Black holes grow during the quasar epoch by accreting gas from a thin accretion disk in the standard way. At the same time, stars from the stellar system surrounding the black hole are captured into the accretion disk when the stars reach a highly eccentric orbit that causes them to crash into the gaseous disk and lose orbital energy because of the drag force. The capture of stars by the accretion disk, discussed by Ostriker (1983) , Syer, Clarke, & Rees (1991) , Artymowicz et al. (1993) , and Zurek et al. (1994) , can have a much higher cross section than direct capture by the black hole, shortening the time required for the black hole to grow. The growth of black holes from a gas accretion disk that is being continuously replenished with more matter by crashing stars provides a way to connect the final mass of the black hole after accretion stops with the velocity dispersion of the surrounding stellar system. Delivering mass to the accretion disk by means of stars that are randomly scattered into the loss-cylinder implies a problem: because the angular momentum of each star is random, on average the mean angular momentum of the deposited mass is too small to form a disk around the black hole. A solution to this problem will be proposed in §5. Before this section, this problem will be ignored and we will examine the rate at which mass is added to a standard steady-state disk without worrying about the total angular momentum.
The model is presented in detail in §2, where the condition for stars to be captured by the disk is described and a resulting M BH − σ relation is inferred. In §3 we discuss how the generic problem of self-gravity of the disk may be solved in our model, and in §4 we comment on the fate of the stars after they are embedded in the disk. §5 describes the total disk angular momentum problem and proposes a solution. Finally, §6 discusses the predictions of the model and presents the conclusions.
Black Hole Growth from Collisions of Stars with the Accretion Disk
Before going into the detailed description of our model, it will be useful to give an overview of our goals in this section. We will start by reviewing steady-state accretion disk models, deriving the surface density profile. We will then infer the condition required for a typical main-sequence star to be captured by the disk as it slows down in multiple disk crossings. This will lead us to a rate at which mass is being delivered to the disk by the crashing stars. Although stars lose a very small fraction of their mass during disk crossings, so that they eventually merge with the disk in essentially intact form, we will assume that eventually the mass in stars is dissolved in the disk and is made available to be accreted to the central black hole; we will justify the plausibility of this assumption in §4. We will then require that this mass delivery rate into the disk is equal to the mass accretion rate of the disk into the black hole, which is given in terms of the quasar luminosity and the radiative efficiency at which the accreted mass is converted to radiation. This requirement ensures that the disk can remain in a steady state, capturing the mass it needs to keep fueling the black hole, and will lead to a relation between the black hole mass and the velocity dispersion of the stellar system. This still leaves the remaining questions of how the central black hole with its accretion disk is initially built so that it can start capturing stars, and when this mechanism stops. We will argue that when a new stellar system is formed, a small seed black hole with an initial accretion disk (made, for example, by tidally disrupted stars) will be able to rapidly capture stars, increasing its mass to the value determined by our derived relation with the velocity dispersion, while shining as a luminous quasar over a timescale of the order of the Salpeter time (Salpeter 1964) . Then, once the black hole reaches the mass in this relation, the rate of star captures will no longer suffice to maintain the disk mass as it accretes into the black hole producing a luminosity close to the Eddington value. As the disk becomes thinner, the star capture rate continues to decrease, and eventually the quasar turns off. This can then explain the observed M BH − σ * relation of the present remnant black holes with the velocity dispersion of the spheroidal systems around them.
We start by summarizing the standard steady-state thin accretion disk model, transporting angular momentum by an effective viscosity as described in the usual α-model (Shakura & Sunyaev 1973; Pringle 1981) . We closely follow Goodman (2003) , reproducing some equations here for completeness. In order to determine whether a star that crashes on the disk can be captured, we must first obtain the disk surface density profile.
The Surface Density Profile of Steady Accretion Disks
Matter in an accretion disk can move in towards the black hole as angular momentum is transported out by viscous processes. We assume a steady-state accretion disk with a constant accretion rateṀ , where viscosity causes the gas to drift inward with a radial speed v r (r) at each radius r that is much smaller than the orbital velocity in the tangential direction. If the disk has surface density Σ at radius r, and angular rotation rate Ω = (GM BH /r 3 ) 1/2 , the viscous force per unit length (integrated vertically) is νΣr(dΩ/dr), where ν is the viscosity coefficient. Considering a ring of radius r and width dr within the disk, containing a gas mass 2πrΣ dr, this force causes a torque at each edge of the ring of 2πrνΣr 2 (dΩ/dr). The net torque acting on the ring is the difference between the torques at its inner and outer edges. This must be equal to the rate of change of the angular momentum of the ring, which in steady-state is d(2πrΣΩr 2 v r )/dr. Conservation of angular momentum then implies
Integrating this equation, and substituting dΩ/dr = −3Ω/(2r), and v r = −Ṁ /(2πrΣ) as required by mass conservation in steady-state conditions, we have
where r int is an integration constant that depends on an inner boundary condition. In practice, r int is determined by the relativistic regions of the accretion disk and is negligible in the outer regions that we will be interested in, so we can use
The viscosity is usually assumed to be related to turbulent processes, and is of the order of the product of the velocity and size of the largest turbulent eddies. Following Goodman (2003) , the viscosity coefficient is expressed as ν = αβ b c 2 s /Ω, where c s = p/ρ is the isothermal sound speed at the midplane, ρ is the gas density, β = p gas /p, and p gas and p are the gas and total pressure, with p − p gas = p rad being the radiation pressure. If viscosity is produced by magnetorotational instability, the dimensionless viscosity parameter α is thought to be between 10 −3 and 10 −1 (Balbus & Hawley 1998). When radiation pressure dominates, we assume the viscosity may be proportional to either the total pressure (b = 0) or to the gas pressure (b = 1).
, where L = L Edd l E is the radiative luminosity of the disk, ǫ is the radiative efficiency, L Edd = 4πcGM BH /κ e is the Eddington luminosity, and κ e is the electron scattering opacity, we obtainṀ
and
To proceed further, it is necessary to specify the energy balance in the disk to compute the midplane temperature, T , related to the isothermal sound speed by βc 2 s = (k B T )/m, where k B is the Boltzmann constant andm is the mean particle mass. Assuming that viscous dissipation of the orbital energy is the dominant heat source, the energy dissipation rate per unit area is νΣ(r dΩ/dr) 2 . This must be equal to the radiative energy emitted per unit area by the two sides of the disk, 2σT 4 ef f , where σ is the Stefan-Boltzmann constant. Substituting also dΩ/dr = −(3/2)(GM BH ) 1/2 /r 5/2 , and using equations (3) and (4), one finds
The midplane temperature can be approximated by
ef f , where κ is the opacity. Hence,
whereκ = κ/κ e . Replacing the temperature by the isothermal sound speed, substituting into equation (5), and using σ = (2π
, where h is the Planck constant, we find
The quantity β = p gas /p can be expressed in terms of Σ and T using p gas = ρk B T /m, p rad = 4σT 4 /(3c), and ρ = ΣΩ/(2c s ), (since the disk scale height is H = c s /Ω), and using equations (7) and (8) .
Here, we have used κ e = 4πα
, where = h/(2π), m p is the proton mass, X is the hydrogen abundance by mass, and α e is the fine structure constant. We use also the Schwarzschild radius R S = 2GM BH /c 2 , and the Planck mass m P l = c/G. For characteristic values of the black hole mass M BH = 10 8 M 8 M ⊙ , α = 10 −2 α −2 , X = 0.7, m = 0.62m p (where m p is the proton mass), and ǫ = 0.1ǫ −1 , the β parameter is given by
the surface density is
and the midplane temperature is
We plot in Figure 1 the contours at which β = 0.5, and at which the surface density and midplane temperature have the characteristic values indicated in the caption, in the plane M − R/R S . For every black hole mass, the pressure in the accretion disk is dominated by radiation to the left of the line β = 0.5, and is dominated by matter to the right of this line. For the case b = 1, Σ is independent of β and, assuming thatκ(r) ≃ 1 and α is independent of r, then Σ(r) ∝ M 4/5 BH /r 3/5 . We also show the contour at which the opacity due to bound-free transitions is κ bf = κ e (implyingκ = 2 if other opacity mechanisms are negligible). To the left of this line we haveκ ≃ 1.
The Velocity and Orbital Energy Change of a Crashing Star
A star orbiting in the galaxy may generally be able to change its orbital angular momentum by a variety of processes, and if by chance its orbit becomes very eccentric the star may be brought to crash against the gaseous disk. The gas drag force during the crash will slow down the star by a velocity increment ∆v. If the lost orbital energy and the consequent reduction of the apocenter are large enough, the new orbit of the star will have a shorter period and the rate of change of the orbital angular momentum will not be sufficient to move its pericenter out of the gaseous disk over the next orbits. The star will then continue to crash against the disk, eventually merging into it (Syer et al. 1991) . We now calculate the condition for the star to be captured.
As we shall see later, the typical radius at which stars are captured by crossing the disk is r ∼ 10 3 R S , where R S is the Schwarzschild radius of the black hole. The orbital velocity of the star as it crosses the disk at this radius is ∼ 10 4 km s −1 , implying that the motion through the disk is highly supersonic and is also much greater than the escape velocity from the surface of the star (i.e., gravitational focusing is negligible). Under these conditions, we assume as a first approximation that the change in the velocity of the star ∆v caused by crossing the disk is simply that determined by the absorption of the momentum of all the disk gas that lies along the path of the star:
where Σ * = M * /(πR 2 * ) is the mean surface density of the star of mass M * and radius R * , θ is the angle between the orbital velocity of the star and the plane of the disk at the intersection point, and v is the relative velocity between the star and the disk gas moving on a circular orbit. In the process of crossing the disk, the star creates a bow shock wave and a wake behind it (Zurek et al. 1994 ). The temperature reached at the shock in front of the star is ∼ 10 9 K, but the shock affects only a thin surface layer in the star, and it does not penetrate to the stellar interior because the gas density in the disk is much less that the density of the star.
We will also use v ≃ (2GM BH /r) 1/2 (neglecting the circular velocity of the gas in the disk), and assume the case where the star crosses the disk at its pericenter. The average value of 1/ sin θ, where θ is the angle between the plane of the orbit and the plane of the disk (with probability distribution sin θ dθ), is then π/2, so the change in the orbital energy per unit mass is
where r p is the pericenter and N orb is the number of orbits in which the star crosses the disk with a pericenter near r p . Averaging over all possible pericenter longitudes would not greatly modify this result (for example, one can easily show that for a pericenter longitude of 90 degrees, the collision of the star with the disk takes place at a radius 2r p , which reduces the disk surface density by 2 −3/5 and the square of the relative velocity by 1/2, but then ∆v is increased by a factor 2 because there are two equal collisions per orbit and by a factor 2 1/2 because the sine of the angle between the disk plane and the stellar velocity is smaller by a factor 2 1/2 ).
The Size of the Region from which Stars are Captured
We now consider that we have a stellar system that is roughly isotropic in the central region of the galaxy where the gravitational force is dominated by the nuclear black hole. Of all the stellar orbits with a semimajor axis a, the probability distribution of the pericenter of the orbit r p is 2(1 − r p /a) dr p /a (because an isotropic system in a point-mass potential has a flat distribution in the square of the eccentricity). Hence, if the time during which the gas disk is maintained with a roughly constant surface density is t S (which we can identify with the Salpeter time for the growth of a black hole, see Salpeter 1964) , the number of times that a star will cross the disk at a pericenter smaller than r p is N orb = (t S /P ) (r p /a) (2 − r p /a), where P = 2πa 3/2 /(GM BH ) 1/2 is the period. The average rate of orbital energy loss of a star with semimajor axis a due to passages at all pericenters r p is
Note that this integral diverges at small r p , that is to say, the loss of orbital energy is dominated by the disk crossings closest to the center, when the eccentricity is closest to one. We choose the lower limit of the integral to be the pericenter for which N orb = 1, because a typical star will not cross the disk at a smaller pericenter. Using the approximation r 1 ≪ a, this pericenter is r 1 = (aP )/(2t S ). Note also that it is essential here to assume that the rate of relaxation is fast enough to keep the loss-cylinder full, so that the probability to have a star in a pericenter range dr p (when r p ≪ a) is 2dr p /a. Assuming Σ(r) ∝ r −3/5 , we have
Substituting the orbital energy per unit mass in a point-mass potential, E = GM BH /(2a), we find
Assuming now b = 1, for which Σ ( r 1 ) ∝ r −3/5 1 , P ∝ a 3/2 , and r 1 ∝ aP ∝ a 5/2 , we have da/dt ∝ a −2 . Hence, the condition for the star to be captured by the disk in a time less than t S is that, at the initial semimajor axis, da/dt > a/(3t S ). Substituting, we obtain the capture condition, a < r c , where r c obeys
where P c is the period at r c , and r 1c = r c P c /(2t S ).
In practice, the rate of relaxation is not so large that all stars of a fixed semimajor axis have the same probability to be captured. Some stars will be on loop orbits that will never come close to the center, so the stars that can be captured by the disk around the black hole are those that are on orbits that can reach the phase space region of zero angular momentum with the available rate of relaxation. Thus, while some stars within r c may not be able to reach the loss-cylinder, some stars slightly beyond r c will still have a high probability to be captured when they start on highly radial orbits. For simplicity, we will assume here that the stars that are captured are those that start with a < r c .
The Black Hole Mass -Velocity Dispersion Relation
We can now clearly see why there should be a relation between the black hole mass and velocity dispersion of the stellar system around the black hole. For an isothermal profile for the stars, the stellar system has a mass within a radius r c given by its velocity dispersion σ c , M * (r c ) ≃ 2r c σ 2 c /G. Over the time t S of the duration of the luminous phase of a quasar in which the gaseous disk is present, stars will continuously crash into the disk supplying it with new gas, which will then accrete into the black hole. At the end, the black hole mass will be M BH = M * (r c ), so r c will define the zone of influence of the black hole in the remnant galaxy after the quasar has turned off.
From equation (18), the surface density at the pericenter where stars are captured is proportional to the orbital period P c . Since
and , ; note, however, that the observed relation is given in terms of the velocity dispersion at the effective radius of the elliptical galaxy, and the velocity dispersion at the radius of the black hole zone of influence may often be smaller), although there is a substantial uncertainty in the predicted normalization depending on various parameters: the type of star that is most abundant in the stellar system, the viscosity parameter α, and the average ratio ǫ/l E over the lifetime of a quasar.
The quantitiesκ(r 1c ) and β(r 1c )
b−1 can affect not only the normalization but also the shape of the M − σ relation. In Figure 1 , the value of r 1c as a function of M BH is plotted (assumingκ = 1). This is computed by using r 1c = r c P c /(2t S ), which yields:
As we can see, the region whereκ > 1 is at larger radius than r 1c , but the disk radiation pressure can be important. This implies that the relation M BH ∝ σ 30/7 * is only valid for b = 1, that is to say, when the disk viscosity is proportional to the gas pressure. If b = 0, and in the radiation-dominated pressure limit of β ≪ 1, we can find by using equations (10), (23), and (24) that M BH ∝ σ 10/3 c . Hence, the predicted M BH − σ c relation depends on the details of the disk viscosity.
Furthermore, there is also the uncertainty of how the velocity dispersion σ c at the time that the quasar was active is related to the present velocity dispersion. As the black hole grows and the stars in the central region within r c are depleted, the velocity dispersion in the central region may vary, and the evolution of the stellar population may subsequently cause mass loss due to supernovae and winds from the central region, if the gas is able to escape. This mass loss and the corresponding adiabatic expansion of the system might reduce the velocity dispersion. Subsequent mergers of nuclear black holes as their host elliptical galaxies merge may also modify the inner stellar density profile (Quinlan 1996; Faber et al. 1997 ).
The Evolution of a Nuclear Black Hole after the Formation of a Galactic Spheroid
The mass-velocity dispersion relation we have derived in equation (22) originates from the condition that the rate at which new mass is being delivered to the disk by crashing stars is the same as the rate at which the gas in the disk is being accreted by the black hole. How does that establish the black hole mass-velocity dispersion relation in the remnant galaxies after quasars turn off?
Galaxies probably experience strong starbursts in their nuclear region when mergers of gas-rich systems occur, and a seed black hole can be present in the nucleus during these events (which may come from one of the galaxies that merged). After violent relaxation, the stars in the new galactic spheroid will settle to some velocity dispersion σ c , but initially the black hole mass can be small compared to that implied by equation (22). The black hole can also possess a small seed accretion disk that may form from some gas that reaches the center during violent relaxation, or from stellar collisions and tidal disruptions. When the black hole mass M BH is smaller than in the relation (22), but σ c is fixed, the region from which the stars need to be captured to increase the mass of the black hole has a size r c ∝ M BH for a singular isothermal profile, and the capture pericenter needs to be at r 1c ∝ r c P c /t ∝ M 2 BH /t, if t is the time during which the mass M BH will be captured by the disk. By the same arguments as in the previous subsections, capturing a star over one orbit requires Σ(r 1c )/Σ * ∼ r 1c /r c ∼ M BH /t. If the disk has started accreting near the Eddington luminosity, then we have (from eq. . This then implies that the time for the black hole to grow scales as t ∼ M 7/8 . In other words, the lower the mass of the black hole, the shorter the time required for the gas disk to capture stars with a mass equal to that of the black hole. And vice versa, if the black hole exceeds the mass in equation (22), then the gas disk would have to take longer than the time t S to capture stars with a total mass M BH .
This implies that as long as there is a seed black hole with an initial accretion disk, capture of stars will replenish the gas disk at a fast rate while the black hole mass is less than in equation (22), so the quasar will continue to shine near the Eddington luminosity and the black hole will keep growing. But when the black hole mass reaches the value in (22), the rate of star captures will be too small to balance the rate at which the gas in the disk is accreting onto the black hole. The disk will then become thinner, further lowering the rate of stellar captures and causing the quasar to turn off, leaving behind a black hole with the mass predicted in equation (22).
There are, however, a number of possible problems with the simple picture presented here. The initial process by which the gas disk grows around a seed black hole, reaching the Eddington accretion rate out to a certain radius, needs to be examined more carefully. The structure of the accretion disk should also be thoroughly modified from that of the simple steady-state model in §2.1, due to the effects of the capture of stars. Because stars are being continuously added to the disk at different radii, the surface density profile is affected. The crashing stars provide a heat source as well. The most severe change provided by the stars is the redistribution of angular momentum, which should completely modify the structure of the disk, as discussed further in §5.
Self-Gravity of the Accretion Disk
One of the problems posed by quasar accretion disks is that if matter is transported from large radius, from any residual gas in the galaxy that is left over from star formation, the gas should form a very thin disk and become gravitationally unstable to form stars while it is still very far from the black hole (Shlosman & Begelman 1987) . In this case, the result might not be a black hole fed by an accretion disk, but simply a dense inner disk of stars. The criterion for gravitational instability is obtained from Toomre's parameter, Q = (c s Ω)/(πGΣ), which using equations (7) and (8) 
Contours of Q = 1 are shown in Figure 1 . To the left of the contour, Q > 1 and the disk is stable, while to the right the disk is gravitationally unstable. Figure 1 shows that the region of the disk within r 1c is by and large stable, and therefore if most of the disk mass is delivered roughly at radius ∼ r 1c , the disk does not need to be gravitationally unstable. The collisions of the stars and other stellar activity inside the disk can provide an important heating source that can thicken the disk, stabilizing it further.
The Fate of the Captured Stars
A different problem is what happens with the captured stars as they are embedded within the disk. Captured stars will first be gradually slowed down, bringing their orbits into the same plane as the disk and then circularizing them. It is actually not clear if stars will survive the large number of collisions with the disk before they merge into it, because they could be eroded by the high temperature of the shocked gas that flows past them (Goodman & Tan 2003) . Once they are in the disk, stars may form gaps around them if they are sufficiently massive, or they may accrete gas from the disk (Syer et al. 1991 , Artymowicz et al. 1993 . Note that if a large fraction of the disk mass were in the form of stars of M * ≃ 1M ⊙ , and for typical parameters M 8 = 1, r = 300R S = 600AU, Σ = 10 6.5 g cm −2 , stars would have to occupy a fraction ∼ 10 −5 of the area of the disk, and in a ring of width equal to the solar diameter there would be as many as 10 stars. These numbers become even greater for more massive stars because their surface density is lower. This makes it clear that collisions and scatterings among stars have to be frequent, and they will soon lead to coalescence and destruction of the stars. If a star is on a slightly eccentric orbit (either because the orbit has not yet fully circularized after capture or because it has been scattered by another star), a collision can take place at a sufficient relative velocity to cause the dissolution of the stars rather than coalescence. If stars can coalesce repeatedly, they will become very massive and lose a lot of their mass in winds (see Goodman & Tan 2003 for a discussion of the possible presence of supermassive stars in accretion disks). Very massive stars are also highly unstable because their internal energy is almost balanced by their negative gravitational energy (since they are polytropes with adiabatic index very close to 4/3), so collisions with other stars would not have to occur at very high velocities to produce large amounts of mass loss. It therefore appears inevitable that a large fraction of the mass in the stars will be dissolved into the disk, and can eventually be accreted onto the black hole with high radiative efficiency.
The Angular Momentum Problem
The idea presented in this paper is that most of the matter in the black hole accretion disk comes from stars that were originally in orbits with radius much larger than the size of the disk. These stars were perturbed into highly eccentric orbits and crashed on the disk, lost their orbital energy, and were embedded into the disk after repeated disk crossings. However, there is a simple reason why it is not possible for all of the disk matter to be obtained in this way. The specific angular momentum of one of the crashing stars is of the same order as the specific angular momentum of the disk gas at the radius r 1c where the star is captured. However, the direction of the angular momentum of each star is basically random. Even if the stellar system around the black hole is rotating (implying a phase space density of stars that depends on the direction of the orbital angular momentum), the stars captured by the disk are coming from a very narrow loss-cylinder, and the variation of the phase space density over this narrow region is negligible. Thus, if the disk is made by all these stars, the final specific angular momentum of the captured matter is reduced by the square root of the number of stars that have contributed to the disk mass. In other words, the radius of the disk that could be made by the matter from these stars is reduced relative to the capture radius r 1c by a factor equal to the number of captured stars, which would make the disk smaller than the Schwarzschild radius. Clearly, the total angular momentum of the captured stars is essentially zero, and so they cannot make a disk around the black hole.
The only way this problem can be solved is to add other matter to the disk with high specific angular momentum, which can mix with the material provided by the crashing stars. In order to preserve the explanation we provide in §2 for the observed M BH − σ relation, this additional material must provide only a small fraction of the mass of the disk. At the same time, it must provide all the angular momentum, so the additional material would be deposited in the disk at a radius r ≫ r 1c . The obvious source for additional material in the context of a nuclear starburst is the mass lost by the red giants that will inevitably be present as the massive stars evolve. In the dense environment around a quasar, massive red giants probably lose their envelopes rapidly by a combination of collisions with other stars, disk crossings (which can slow down and strip off mass from red giants at a much lower surface density than for main-sequence stars), and ablation by the quasar radiation. Similarly, debris from supernova explosions would also end up in the disk. Because most of this matter can be captured from stars that are not necessarily in highly eccentric orbits, it can have a net specific angular momentum due to the average rotation of the stellar system. A very small rotation rate compared to the stellar velocity dispersion is sufficient to ensure that this gas from evolved stars (as well as any gas clouds that reach the nuclear region of the galaxy) will settle into a disk at radius much larger than r 1c . But how can this material then mix with the matter provided by the crashing stars? If the gas at r ≫ r 1c simply accretes inwards by the conventional viscosity mechanism, then by the time it mixes with matter from crashing stars at r 1c it has obviously lost its angular momentum. Angular momentum can only be transported outwards in an accretion disk, but here we need a mechanism to transport the angular momentum inwards and allow the matter supplied by the crashing stars to form a disk. The only way to use the angular momentum from a small fraction of the mass to capture the crashing stars into a disk is to have some mechanism that is continuously picking up matter from the disk at r r 1c , and launching it outwards to r ≫ r 1c to mix with the outer material and drag it inwards, absorbing its angular momentum.
We suggest that this mechanism may be a combination of a quasar wind and the gaseous streams that are lifted from the disk as star tails when stars go through the disk (Zurek et al. 1994 (Zurek et al. , 1996 . The loss of specific angular momentum from the disk as it captures stars should simply cause it to shrink and to force an increase of the mass accretion rate into the black hole. If the radiative efficiency does not decrease, this must result in increased luminosity, and when the Eddington luminosity is approached matter can be blown out in a wind. Most of the mass in this wind may not reach the escape velocity, but may simply fall back into the disk at larger radius.
As stars cross the disk, a large amount of gas emerges behind the star forming a tail. Radiation pressure from the quasar can further accelerate this gas and launch it to large radius before it falls back into the disk. As shown by Zurek et al. (1996) , the total amount of mass lifted from the disk by a star over the many crossings it experiences before it is embedded in the disk can be many times its own mass (the available energy naturally implies that most of this mass will be ejected with a velocity small compared to that of the star, but it can still move out in radius substantially under the quasar radiation pressure). There is also the possibility that stars are gradually eroded as they cross the disk by the shock they generate (Goodman & Tan 2003) , and the matter that they lose may be pushed to a radius much larger than r 1c owing to the radiation pressure. The matter lifted from the disk or lost from the crashing stars in this way can then collide with the outer matter provided by the evolved stars, and drag it inwards to supply angular momentum to the disk.
Discussion
The model introduced in this paper proposes that the principal mechanism by which accretion disks around quasars acquire their mass is from the stars that crash against the disk. The presence of some stars that will crash is inevitable, because the dense nuclear regions of galaxies will always contain stars. The question is if star crashes will occur at the high rate necessary to feed the disk. The assumptions we have made are that initially the stars will have an isothermal profile corresponding to a velocity dispersion σ c (and any core in this initial distribution should be smaller than r c ), and that the rate at which their orbital angular momentum changes due to dynamical relaxation and triaxiality of the potential (which can result in a large fraction of stochastic orbits) is sufficient to keep the loss-cylinder full. These assumptions may of course be wrong. It may be that the initial stellar distribution has a large core radius, and the mass of stars within a radius r c is far too small to feed the disk, or it may be that orbital perturbations are very slow, so that only the small fraction of stars that are initially on highly eccentric orbits are added to the disk. If that were the case, matter in the disk would have to come from a different source (perhaps directly from residual gas left over from star formation in the nuclear region, plus the matter from evolved stars), probably being deposited at very large radius (implying the usual problem of gravitational instability in the disk), and a different explanation would need to be found for the observed M BH − σ * correlation.
But if the black hole accretion disks are indeed fed by crashing stars, then we have shown that a correlation M BH − σ c arises as an inevitable consequence. The detailed form of this correlation is still subject to many uncertainties that will need to be worked out as the model we have introduced here is developed further. The surface density profile of the disk, which is the main property that determines the form of the M BH − σ c correlation, is affected by the viscosity mechanism that causes the disk to accrete to the black hole, by the luminosity and radiative efficiency of the quasar, by the heating sources of the disk associated with the crashing stars and their subsequent transformation inside the disk, and by the needed process to infuse angular momentum to the inner part of the disk that captures the stars from material deposited further out. Nevertheless, the simple analysis presented in this paper based on a disk with no heat source or redistribution of angular momentum suggests that it is plausible that this model can account for the observed correlation. This crashing star model has the added benefit of providing a simple way to deliver the large mass of the black hole to a very small disk around it, and, due to this small disk size, possibly solves the problem of disk gravitational instability. The weakest part of the model is probably the need for the material at large radius to provide sufficient angular momentum. At radius much larger than r 1c the extension of the disk can have a lower surface density than required if all the mass were coming from large radius, and it can be heated by the crashing stars and their star tails, perhaps preventing star formation (see Sirko & Goodman 2003 for models of marginally self-gravitating disks). In any case, the mechanism for mixing matter from small to large radius is, in our view, the most severe challenge and poorly understood part of this model.
What other observational predictions can our model make? Clearly the structure of the accretion disk should be modified by the capture of stars, probably showing some characteristic feature in the surface density and temperature profiles at the capture radius. A clear test of this scenario will require much more advanced theoretical modeling than we have done here to obtain predictions for the disk profiles, and observations that can resolve the continuum emission of the disk. The star tails generated by the crashing stars may give rise to the broad emission line region, as discussed by Zurek et al. (1994 Zurek et al. ( , 1996 . Hydrodynamical simulations may be necessary here to make any predictions that could be confronted with observational tests, which could perhaps suggest some diagnostic for the rate at which stellar collisions with the disk occur, testing if the rate is as high as required by our model.
Our model also predicts that the quasar phenomenon must take place in the context of large nuclear starbursts. Only a very compact starburst can provide the high density of stars in the nucleus that is necessary to feed the accretion disk. Quasars visible in the visual and ultraviolet bands may always follow an initial stage of a highly obscured compact starburst region, which becomes highly ionized and transparent only after the quasar has reached a high luminosity. During the quasar activity, the stars that will be captured will be those that can relax to highly radial orbits, while the ones in loop orbits can survive. Hence, the stellar systems around the present remnant black holes should have an anisotropic velocity dispersion, with a preference for tangential orbits. However, mergers of galaxies and their central black holes can completely change the distribution of stellar orbits, and introduce a similar preference for tangential orbits because of the evolution of binary black holes.
The model also predicts that the M BH − σ * relation should be independent of redshift, since it is imprinted at the time the quasars formed, except for effects of galaxy mergers and the passive evolution of the stellar population. The models of and suggest that galaxy mergers may result in a shift of the black hole mass and velocity dispersion of the galaxies running approximately parallel to the M BH − σ * relation (otherwise, it may be difficult to understand the small scatter of the relation). If that is the case, the relation may essentially remain unmodified by mergers and should then be close to constant with redshift.
Finally, the M BH −σ * relation should break down at a black hole mass where the mass of the accretion disk becomes comparable to that of a star. When that happens, the timescale for the disk to accrete onto the black hole should be comparable to the mean time to capture one star, so the disk can disappear when, by chance, no star is captured over a long enough period of time. Approximating the mass of the disk as πr 2 1c Σ(r 1c ), and from equations (11) and (24), we find that the mass of the disk is 1M ⊙ at M BH ∼ 10 5 M ⊙ . This shows that the mechanism we have presented here cannot continue to operate below this mass.
In summary, we have presented a novel mechanism for the formation of supermassive black holes in the centers of galaxies through the capture of stars by a gaseous accretion disk. Our model provides a physical connection between the stellar dynamics of bulge populations and black hole growth and reproduces the observed M BH − σ * relation for reasonable input assumptions as a natural consequence.
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